Medial-to-intimal migration of
Introduction
Migration of vascular SMCs from the media to the intima is a key step in the development of atherosclerosis (1, 2) . Following migration, SMCs proliferate in the intima and secrete matrices and proteases to form atheromatous plaques under the influence of stimulatory cytokines. The system encompassing urokinase-type plasminogen activator (uPA) and its receptor (uPAR) is thought to be important for the migration of SMCs. For migration, cell-associated proteolysis of ECM and/or receptor-mediated signaling leading to activation of ERK and Rac1 (3, 4) play crucial roles. However, in regard to migration of SMCs relevant to the development of atherosclerosis and remodeling of injured arteries, the mechanisms for and significance of uPA/uPAR activation have not been fully elucidated yet.
Functional studies using genetically altered animals or cells have revealed that certain receptors belonging to the family of LDL receptor relatives (LRs) are important regulators of cell migration via modulating cytokine signaling and/or protease activation (5-7). Interestingly, LR-mediated regulation of migration appears to be caused at least in part by modulation of the uPA/uPAR system (6, 7) . LR11 (also called sorLA), an unusually complex and highly conserved LR discovered and molecularly characterized by us and others (8) (9) (10) , mediates uPAR's plasma membrane localization, as both the membrane-spanning form and the shed soluble form of the receptor (sLR11) bind to and colocalize with uPAR on the cell surface (11) . LR11 is highly expressed in intimal SMCs at the intima-media border in the plaque area of experimental models of atherogenesis (11, 12) . Furthermore, overexpression of LR11 in SMCs enhances their migration via elevated levels of uPAR (13) .
In the process of atherosclerosis, the BB isoform of PDGF (PDGF-BB) is an important cytokine for migration of SMCs (1, 2) . PDGF-BB performs its task through the stimulation of cell motility via accelerated cytoskeleton rearrangement and degradation of ECM components of intimal SMCs (1) . Also, PDGF-BB enhances migration of intimal SMCs via activation of the LR11/uPAR-mediated intracellular pathway (14) . Ang II is another potent chemoattractant for SMCs (1, 15, 16) . Recent studies with Ang II type 1 receptor (AT 1 R) blockers (ARBs) (17) or knockdown experiments (18) have shown that intracellular signals involving activation of Rac1 are important for the Ang II-mediated hypertrophy of SMCs and neointimal formation in injured arteries.
Here, we have studied the (patho)physiological significance of the LR11-mediated migration system of intimal SMCs in the development of intimal thickening in vivo. We found that circulating sLR11 levels reflect the degree of carotid intima-media thickness (IMT), an established atherosclerosis marker (19) , independently of other risk factors of IMT in subjects with dyslipidemia. Subsequent studies using LR11-targeted mice revealed that sLR11 increases membrane ruffle formation through complex formation with uPAR and integrin αvβ3 and that the LR11/uPAR/integrin-mediated intracellular pathway is required for the Ang II-induced attachment and migration of intimal SMCs. Thus, we have identified a role for the shed form of LR11, an independent serum marker of carotid IMT, in a mechanism that involves Ang II-induced SMC migration.
Results

Circulating sLR11 is independently associated with carotid IMT.
Considerable amounts of sLR11 are produced by intimal SMCs in the process of intimal thickening after cuff injury of femoral arteries in mice and enhance migration of SMCs in vitro via upregulation of uPAR expression (11, 20) . We first studied immunologically detectable serum sLR11 levels in association with degrees of carotid IMT, a marker of intimal thickness of carotid arteries that predicts coronary and/or cerebral atherosclerosis (19) , in 402 dyslipidemic subjects (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI32381DS1). Univariate analysis showed that sLR11 as well as age, sex, systolic and diastolic blood pressure, smoking, HDL cholesterol, triglycerides, LDL particle size, and levels of insulin were significantly correlated with IMT (Supplemental Table 2 ). Multiple stepwise logistic regression analysis revealed that sLR11 is associated with IMT independently of other classical risk factors of IMT (Table 1) . Analysis of subject quartiles showed a gradual increase in adjusted odds ratios (ORs) depending on sLR11 levels; subjects in the highest quartile of sLR11 levels (sLR11 > 3.52 U/ml) had a significantly increased likelihood of having an IMT greater than 1.0 compared with those in the lowest quartile (sLR11 < 2.13 U/ml). Subsequent to the demonstration of a strong correlation of circulating sLR11 with carotid IMT, the univariate analysis of circulating sLR11 with the above-listed factors was performed separately in males and females (Supplemental Table 3 ). sLR11 levels in males and females, respectively, were significantly correlated with IMT degrees at similar r (correlation coefficient) values. Multivariate analysis showed that IMT is the only factor significantly correlated with sLR11. (Supplemental Table 4 ). Thus, circulating sLR11 levels are tightly associated with IMT of carotid arteries in dyslipidemic subjects.
Intimal thickness of injured arteries is drastically reduced in LR11-deficient mice. A close association of serum sLR11, a regulator of SMC migration, and intimal thickness of carotid arteries suggested that LR11 is involved in the process of intimal thickening of injured arteries. We studied the effect of targeted inactivation of LR11 ( Figure 1 , A and B) on intimal thickening in response to cuff placement of femoral arteries in mice. In the knockout mice, immunodetectable LR11 was abolished in tissues including brain and kidney, which are dominant sites of LR11 expression in WT mice. In contrast, the expression levels of LDL-related protein 1 (LRP1), a ubiquitously expressed LR (5, 6), did not change ( Figure 1C ). When Lr11 +/-mice were intercrossed, the ratios of the numbers of live births of the different genotypes were according to Mendelian laws. The appearance and development of homozygous Lr11 -/-mice were indistinguishable from those of Lr11 +/-or Lr11 +/+ littermates. However, in Lr11 -/-mice, the thickness of the arterial intima 4 weeks after cuff placement was drastically reduced compared with that in Lr11 +/+ mice, and the average ratio of IMT (I/M ratio) in Lr11 -/-mice was 32% of that in Lr11 +/+ mice ( Figure 1D ). Immunohistochemical staining showed that the cells in the intima were predominantly SMA-positive SMCs in both Lr11 -/-and Lr11 +/+ mice; however, nonmuscle myosin heavy chain II-B protein (NMHCII-B), an embryonic myosin isoform (14, 21) , was clearly decreased in the intimal SMCs of Lr11 -/-mice ( Figure  2A) . Analysis of the mRNA levels of NMHCII-B in SMCs in injured arteries demonstrated that expression in Lr11 -/-mice was similar in the intima and media. Levels of SM1, an isoform of mature myosin fibers, were significantly increased in the intima in Lr11 -/-mice when compared with Lr11 +/+ mice ( Figure 2B ). The substantial increase in SM1 expression together with the decrease of NMHCII-B expression in Lr11 -/-mice compared with those in Lr11 +/+ mice suggests that the isoform conversion in intimal SMCs was disturbed in Lr11 -/-mice. Thus, targeted inactivation of LR11 caused attenuation of intimal thickening in response to arterial injury accompanied by an altered expression pattern of myosin fiber isoforms in intimal SMCs.
Lr11 -/-SMCs are characterized by grossly reduced Ang II-induced membrane ruffling. We have previously shown that cultured SMCs prepared from the intima display increased LR11 expression and PDGF-induced migration compared with medial SMCs and that inhibition of LR11 function with neutralizing antibodies reduces the migratory activity of intimal SMCs (11) . Hence, we investigated the migration activity of cultured SMCs isolated from the aorta of Lr11 -/-mice. Migration, invasion, and as shown here, attachment but not proliferation by PDGF-BB in Lr11 -/-SMCs were decreased compared with those in WT SMCs, in agreement with previous studies using cultured SMCs (refs. 11-14, 20 , and Supplemental Figure 1 ). We analyzed the effects of several other chemotactic cytokines (Ang II, VEGF, bFGF, and IL-6) on the migration activity of Lr11 -/-SMCs (M. Jiang and H. Bujo, unpublished observations). Among them, only Ang II did not enhance the migration of Lr11 -/-SMCs in both the presence and absence of PDGF-BB but did so in WT SMCs or Lr11 -/-SMCs in the presence of conditioned medium from WT SMCs ( Figure 3A ). There were no significant differences in levels of Ang II-induced Stat1 phosphorylation activity between WT SMCs and Lr11 -/-SMCs ( Figure 3B ). The absence of a migration response to Ang II of LR11-deficient SMCs prompted us to further analyze their motility properties, since Ang II is a potent stimulator of cytoskeleton reorganization through intracellular signaling (15, 17) . Preincubation with Ang II of Lr11 +/+ SMCs but not of Lr11 -/-SMCs enhanced cell attachment in the presence and absence of PDGF-BB ( Figure 3C ). The defect in the Ang II-mediated induction of attachment activity was restored by sLR11 in Lr11 -/-SMCs ( Figure 3D) ; note that the Ang II-induced attachment activity of Lr11 +/+ cells was reduced by neutralizing anti-LR11 antibodies to the levels observed in Lr11 -/-SMCs. We therefore studied membrane ruffling, which is related to cytoskeletal reorganization leading to enhanced cell attachment (3, 4) . Surprisingly, sLR11 induces ruffle formation in Lr11 -/-SMCs in the absence of both PDGF and Ang II ( Figure 4 , E and I), which is consistent with the sLR11-induced increase in attachment activity in Lr11 -/-SMCs (see Figure 3D ). The increased ruffling in the presence of sLR11 with PDGF and Ang II was almost abolished by blocking uPAR ( Figure 4 , K and L). Next, in order to study the significance of LR11 in the Ang II-mediated vascular pathology, we analyzed the effect of LR11 deficiency on intimal thickening of arteries after cuff placement in the murine Ang II infusion model. Administration of Ang II at 1 μg/kg/min for 28 days significantly increased the I/M ratio in Lr11 +/+ mice: note that the medial thickness in Lr11 -/-mice was not significantly different from that in Lr11 +/+ mice ( Figure 5A and Supplemental Figure 2 ). However, the Ang II infusion-induced increase was not observed in Lr11 -/-mice. The increase by Ang II infusion in the level of NMHCII-B expression in intima versus media did not occur in Lr11 -/-mice ( Figure 5B ; note that the level of LRP1 after Ang II infusion remained unchanged in both Lr11 +/+ and Lr11 -/-mice). Thus, Lr11 -/-SMCs are characterized by a failure in Ang II-mediated ruffle formation and attachment, which in turn apparently leads to a decrease in Ang II- or PDGF-BB-mediated migration activity. Furthermore, Ang II infusion-induced intimal thickening in response to arterial injury is attenuated, accompanied by an altered expression pattern of myosin fiber isoforms in intimal SMCs (see Figure 2 ). LR11 activates membrane ruffling through the uPAR/integrin/focal adhesion kinase/ERK/Rac1 pathway. LR11 binds to and colocalizes with uPAR on the cell surface (11) , and a fraction of cell surface-located LR11 is proteolytically shed to produce a soluble form, sLR11 (22) . To gain further insight into sLR11's activity, we analyzed its effect on uPAR-mediated intracellular signals for cytoskeletal reorganization. The proportion of cells with ruffle formation was increased in dose-dependent fashion by sLR11, and this increase was clearly reduced by pretreatment with neutralizing antibodies against LR11, uPAR, or integrin αvβ3; PD98059, a specific MEK inhibitor, had the same effect ( Figure 6A ). The formation of a complex between LR11 and integrin αvβ3 was shown by coimmunoprecipitation, as previously demonstrated for uPAR/LR11 (11). The complex formation was inhibited by the addition of known ligands of LR11, e.g., apoE and receptor-associated protein (RAP) ( Figure 6B ). LR11 attenuates internalization and catabolism of uPAR, which is accelerated by LRP1 (13) . RAP, a common ligand of LR11 and LRP1, reduced the membrane expression of uPAR in Lr11 +/+ SMCs but significantly increased the uPAR expression in Lr11 -/-SMCs ( Figure  6C ). Thus, LR11 in association with LRP1 appears to form a complex with integrin αvβ3 via interaction with uPAR, which also binds integrin (4, 11). Accordingly, sLR11 induced the phosphorylation of focal adhesion kinase (FAK) and ERK, which act downstream of uPAR/integrin signals ( Figure 7 , A and B), and subsequent activation of Rac1 was detected in the presence of sLR11 ( Figure 7C ). Moreover, the activation of the FAK/ERK/Rac1 cascade was inhibited by neutralizing anti-integrin αvβ3 antibody ( Figure 7 , A-C). Likewise, in Lr11 -/-cells, Rac1 activation was increased by sLR11, and this increase was diminished by neutralizing anti-integrin αvβ3 antibody ( Figure 7D ). In these experiments, the presence of anti-glutathione-S-transferase (anti-GST) antibody did not show any significant effects (data not shown). Thus, sLR11 can activate the FAK/ERK/Rac1 pathway in SMCs through complex formation with uPAR and integrin αvβ3; transduction of the signal leads to cytoskeletal reorganization associated with membrane ruffling. Figures 6 and 7 , the greatly diminished Ang II-induced migration in LR11-deficient SMCs (see Figure 3 ) suggested that it is due to a defect in Ang II's actions on the LR11/uPAR/integrin/FAK/ERK/Rac1 pathway. Ang II and PDGF-BB but not VEGF led to increased production of sLR11 in rabbit SMCs ( Figure 8A ). In fact, the levels of both sLR11 and membrane-bound LR11 but not LRP1 were increased by Ang II in a dose-dependent manner ( Figure 8B ). The Ang II-mediated increase in sLR11 levels was blocked by the ARBs, valsartan and candesartan, as well as by PD98059 ( Figure 8C and Supplemental Figure 3 ). Ang II induced the membrane expression of uPAR in Lr11 +/+ SMCs, which was abolished in Lr11 -/-SMCs ( Figure 9A ). Thus, the specific increase of sLR11 levels caused by Ang II together with the reduction in Ang IIinduced migration and attachment in Lr11 -/-SMCs (see Figure 3 ) strongly suggested that Ang II is key to enhanced migration via activation of the LR11-mediated pathway and cytoskeletal reorganization. Accordingly, Ang II-induced Rac1 activation was inhibited by neutralizing antibody against LR11 or uPAR ( Figure 9B ). The abolished Ang II-induced Rac1 activation in Lr11 -/-SMCs was recovered by sLR11, and the sLR11-mediated activity was not inhibited by candesartan ( Figure 9C ). The Ang II-induced increase in cell attachment was abolished by a neutralizing antibody against LR11, and importantly, valsartan had no effect on Ang II-induced enhanced attachment in the presence of sLR11 ( Figure 10A ). In addition, Ang IIinduced migration activity was suppressed when SMCs were pretreated with uPAR-specific siRNA ( Figure 10B ). Finally, the inhibitory abilities of valsartan and candesartan on migration activity were reduced in sLR11-pretreated C-1 cells (16% and 17%, respectively), an established SMC line (11), or LR11-overexpressing R-1 cells (20% and 11%, respectively) compared with untreated C-1 cells (34% and 35%, respectively), although the absolute extent of inhibition among them were similar ( Figure 10C ). These results indicate that Ang II
Ang II induces migration of SMCs through activation of LR11-mediated cell attachment. Together with the results shown in
Figure 2
Myosin isoform expression pattern in injured arteries after cuff placement in Lr11 -/-mice. (A) Sections of femoral arteries in Lr11 +/+ or Lr11 -/-mice after cuff placement, subjected to immunohistochemistry using antibodies against SMA or NMHCII-B. Arrowheads indicate the internal elastic layers. Scale bars: 50 μm. (B) mRNA levels of myosin isoforms NMHCII-B and SM1 in arteries after cuff placement in Lr11 +/+ or Lr11 -/-mice. Total RNA isolated from the thickened intima (I) or the media (M) of Lr11 +/+ or Lr11 -/-mice was reverse transcribed to cDNA and subjected to real-time PCR analysis using specific primers for NMHCII-B and SM1, respectively. The amounts of amplified products are expressed relative to the amounts of β-actin transcript. Data are presented as mean ± SD (n = 5). *P < 0.05.
induces cell migration through activation of LR11/uPAR-mediated cell attachment involving the Rac1 pathway.
Candesartan does not inhibit intimal thickening after arterial injury in mice overproducing sLR11. The production of sLR11 is elevated in SMCs in the course of intimal thickening after endothelial injury (20) . In order to learn more about the effects of inhibition of Ang IImediated LR11/uPAR/integrin signaling on intimal thickening, we analyzed the intimal thickness after cuff placement in LR11-overexpressing mice. Mice were implanted with R-1 cells, which are A7r5 cells stably overexpressing LR11, or with mock-transfected A7r5 cells (C-1) (13, 23) . Mice implanted with R-1 cells showed a 5.2-fold increase in the serum concentration of immunodetectable sLR11 after implantation compared with those implanted with C-1 cells (4.2 ± 2.6 U versus 0.8 ± 0.1 U). Candesartan administration significantly reduced the intimal thickness (I/M ratio) 4 weeks after cuff placement in C-1 but not in R-1 mice (note that treatment of R-1 mice with neutralizing antibody against uPAR reduced the intimal thickness; Figure 11 , A-J and U). Intimal versus medial expression of LR11 and NMHCII-B was significantly reduced by candesartan in C-1 mice (Figure 11 , K, L, P, Q, and V). In contrast, the levels of LR11 and NMHCII-B expression in intima versus media were not significantly different in R-1 mice whether treated with candesartan or not (note that treatment of R-1 mice with neutralizing antibody against uPAR did not significantly reduce the ratio of intimal to medial expression of LR11; Figure 11 , M-O, R-T, and V). Thus, the ARB candesartan, which inhibits Ang II-mediated LR11/uPAR/integrin cell migration and attachment signals, reduces intimal thickness after cuff placement in mice; this reduction is counteracted in mice that overproduce sLR11. These results, obtained using an intimal thickening model with sLR11 overproduction, show that Ang IIinduced cell migration and attachment contribute to the migration of SMCs from the media to the intima after arterial injury.
Discussion
LRs play a key role in the catabolism of complexes between proteinases and their receptors (5-7). In SMCs, LRs are thought to function in the catabolism of membrane molecules that regulate intracellular signaling events important for the specific properties of these cells, particularly in regard to their motility and migration (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . Members of the family, such as LRP1 (34) , VLDL receptor (LR8) (25) , and LRP1B (32, 35), endocytose uPAR and uPA/uPAR complexes into cells for subsequent degradation and/or recycling. We have discovered what we believe is a novel mechanism for uPAR localization to the plasma membrane that involves LR11 (11) . Recycling and degradation of uPAR on the membrane is dependent on its internalization via LRP1 (34) . The extracellular sLR11 binds to and colocalizes with uPAR on the cell surface; this de facto immobilization effectively stabilizes the receptor-protease complex by inhibiting its degradation through LRP1 (11) . In cultured SMCs, LR11 is highly expressed, but LRP1 expression is rather stable during the rapidly proliferating phase (32) . The balance between expression levels of LR11 and LRP1 may be important for the regulation of uPAR expression in the membrane (see Figure 6C) . Enhanced uPAR-mediated cell migration appears to constitute an important factor in the process of atherosclerosis and arterial modeling (3, 4) . LR11 is highly expressed in atherosclerotic plaques, particularly in the intimal SMCs at the border between the intima and the media in plaques of humans and apoE-knockout mice (11, 32) . Considerable amounts of sLR11 are produced by intimal SMCs in the process of intimal thickening after cuff injury of femoral arteries in mice (20) . In this study, an attempt to investigate the clinical significance of circulating sLR11 levels in atherosclerosis was made in relation to dyslipidemia, since LR11 is a relative of the LDL receptor, a key receptor for maintenance of lipid homeostasis (1, (5) (6) (7) . We discovered that circulating sLR11 levels are positively correlated with the degree of carotid IMT, representative of arterial intimal and medial thickness and closely associated with the development of coronary and/or cere-
Figure 4
Ang II-induced membrane ruffle formation of cultured SMCs derived from Lr11 -/-mice. (A-L) Ang II-induced membrane ruffling (arrowheads) in Lr11 +/+ or Lr11 -/-SMCs. The indicated SMCs were incubated with or without Ang II (1 μM) for 24 hours in the presence or absence of recombinant sLR11 (1 μg/ml) with or without anti-uPAR antibody for 24 hours. PDGF-BB (10 ng/ml) was then added to the culture medium for 10 minutes before immunofluorescence analyses. Cells were then stained using Alexa Fluor 488 phalloidin. Scale bars: 10 μm. (M) The number of cells with membrane ruffles were counted among 500 cells in the field. Data are presented as mean ± SD (n = 3). *P < 0.05. ND, not detected.
bral artery diseases (19) , and that this correlation is independent of other established risk factors for IMT in subjects with dyslipidemia. Taking the results together, we propose that circulating sLR11 may be a marker reflecting the intimal and medial thickness of injured arteries. Clearly, further careful studies using subjects with different characteristics are needed for the evaluation of a (patho)physiological significance in arterial diseases. Given that sLR11 is released from other major sources, the basis for this inference remains uncertain. Considering that (a) the changes in IMT are presumably due to the evaluation of the complex of intimal thickness, medial thickness, and hypertrophy of SMCs, which can result from hypertension in the carotid arteries, and (b) LR11 is required for Ang II-induced SMC migration in culture systems and mouse models, the relation of the current results to the pathology of hypertension-induced vessel damage requires attention. sLR11 may well affect the remodeling of injured arteries through the phenotypic conversion of medial SMCs, since loss of sLR11 disturbs the myosin isoform conversion in addition to the actin rearrangement in SMCs (see Figure 2B , Figure 5B , and Supplemental Figure 1A ). In this context, the pathophysiological alteration of Lr11 -/-SMCs in the medial layer after Ang II infusion needs to be evaluated by a model suitable for vessel remodeling in addition to the current cuff placement model (see Figure 5A ). In any case, the major sources and the plasma concentrations of sLR11 in various conditions need to be identified. In the process of atherosclerosis and vascular restenosis after coronary angioplasty, the migration of SMCs appears to play a key role in intimal thickening (1, 2) . SMCs acquire or lose numerous cellular functions required for performing the above tasks in the intima, as represented by changes in myosin isoforms including NMHCII-B and SM1 (14, 21) . One of these tasks is enhancing cellular mobility while interacting with components of the basement membrane and other extracellular matrix components. One of the players in matrix degradation is uPA bound to its specific receptor, uPAR, on the cell surface; its essential role in enhancing cell mobility has been intensively studied in cancer invasion and neural migration (3, 4) . uPAR interacts with integrin αvβ3 (36) and subsequently activates signaling pathways such as the FAK/ERK/Rac1 cascade for cytoskeleton reor-
Figure 5
Intimal thickening after cuff placement in response to Ang II infusion in Lr11 -/-mice. (A) I/M ratios of femoral arteries in Lr11 +/+ or Lr11 -/-mice after cuff placement with saline or Ang II infusion (1 μg/kg/min for 28 days) are presented as mean ± SD (n = 15). *P < 0.05. (B) mRNA levels of NMHCII-B and LRP1 in injured arteries. Total RNA isolated from the intima or the media of Lr11 +/+ or Lr11 -/-mice was reverse transcribed into cDNA and subjected to real-time PCR analysis using specific primers for NMHCII-B and LRP1, respectively. The amounts of amplified products are expressed relative to the amounts of β-actin transcript, and the ratio of mRNA expression levels of intima and media are presented as mean ± SD (n = 3). *P < 0.05.
Figure 6
sLR11-mediated ruffle formation through complex formation with uPAR and integrin αvβ3. (A) sLR11-induced membrane ruffle formation. Rabbit SMCs were incubated with sLR11 (1 μg/ml) for 24 hours in the presence or absence of antibody against LR11, uPAR, or integrin αvβ3 (MAB1976) or of PD98059. The number of cells with membrane ruffles were counted among 500 cells in the field. Data are presented as mean ± SD (n = 5). (B) Coimmunoprecipitation of sLR11 (~250 kDa) with integrin αvβ3 or uPAR. Membrane extracts of rabbit SMCs were incubated with or without sLR11 in the presence or absence of apoE (50 μg/ml) or RAP (10 μg/ml), immunoprecipitated with anti-integrin αvβ3 or anti-uPAR antibody, and subjected to immunoblot analysis using anti-LR11 antibody. (C) uPAR expression in Lr11 -/-SMCs. Membrane extracts of Lr11 +/+ or Lr11 -/-SMCs were incubated with RAP and subjected to immunoblot analysis using anti-uPAR (~50 kDa) or anti-LRP1 (~85 kDa) antibody. Blot shown is representative of 3 independent experiments. Data are presented as mean ± SD (n = 3). *P < 0.05.
ganization (3, 4) . Therefore, uPAR activation contributes to the progression of vascular remodeling through enhanced migration of intimal SMCs. Based on these findings, we have now identified a regulator of uPAR-mediated activation of cytoskeletal reorganization in the process of Ang II-induced migration of SMCs (see Figure 12) . Moreover, the disturbed myosin isoform conversion in Lr11 -/-SMCs may indicate that the LR11/uPAR signal plays a role in the coordination of actin and myosin rearrangement. The significance of LR11-mediated cytoskeleton reorganization for the conversion from contractile to synthetic phenotype needs to be addressed in future studies.
Ang II, similar to PDGF-BB, plays an important role as a cytokine in the process of atherosclerosis and vascular remodeling (15, 16) . The activation of its specific receptor, AT 1 R, triggers various intracellular signals toward proliferation and migration of SMCs. The Ang II-promoted activities are greatly diminished by specific AT 1 R antagonists or by inhibition of MAP signaling using synthetic inhibitors of MAP kinase (3, 4) . Here, Ang II stimulated cell migration and attachment and LR11 expression through AT 1 R activation; the enhancement of attachment by Ang II was more obvious in the absence than in the presence of PDGF-BB (see Figure 3) . Blocking LR11 and subsequent events abolished Ang II-induced migration and attachment of SMCs (see Figure 10 ). The effects of LR11 ablation on Ang II-induced migration and attachment strongly suggest that Ang II-mediated enhancement of attachment depends on sLR11-mediated cytoskeleton reorganization. sLR11-induced ruffle formation and attachment activity even in the absence of Ang II or PDGF-BB (see Figure 3D , Figure 4 , I and M, and Figure 10C ) suggest that LR11 overproduction generally induced by such cytokines is important for the increased attachment activity through enhanced ruffle formation in the process of cell migration.
ARBs prevent vascular damages in a mouse model of Marfan syndrome through amelioration of the increased activation of TGF-β signaling pathways (37). Boucher et al. recently reported on a conditional LRP1-deficient mouse model in which activation of TGF-β signaling pathways in the vascular wall was maximally increased, which is similar to what occurs in Marfan syndrome (38) . LR11 seems to play an essential role in the change in cell mobility in the signals from Ang II and also in part from PDGF-BB (Figure 12 ).
Neutralizing antibodies against LR11 have been shown to reduce the migratory activity of intimal SMCs and intimal thickness after cuff injury (11) . Here, using LR11-deficient cells, we found that sLR11 induces the complex formation of uPAR and integrin αvβ3 in SMCs ( Figure 6 ). This finding may well explain the previous observation that incubation with aprotinin, a plasmin inhibitor, effectively reduces invasion but has much less effect on migration in LR11-overexpressing cells (ref. 13 and Supplemental Figure 1 ). The current study shows that overproduction of sLR11 in the absence of the membrane-bound form triggers the activation of uPAR-mediated intracellular signals via the integrin/ ERK/Rac1 pathway, leading to membrane ruffling (Figures 6 and  7) . Elevated sLR11 levels resulted in an exaggerated response of intimal SMCs to vascular injury and to an attenuated sensitivity to ARB treatment in mice (Figure 11 ). In this context, we recently observed that exogenous recombinant sLR11 interacts with macrophage uPAR and accelerates foam cell formation (20) . Thus, sLR11 derived from intimal SMCs is implicated in plaque formation through its effects on SMCs and macrophages. Although our limited analysis did not show a significant relationship between sLR11 and high-sensitve C-reactive protein (hsCRP) in plasma (M. Jiang and H. Bujo, unpublished observations), the involvement of inflammation in LR11 gene expression or shedding of sLR11 in Figure 7 sLR11-mediated intracellular signals related to cytoskeleton reorganization. (A) sLR11-induced FAK activation. Cell lysates of rabbit SMCs were incubated with or without sLR11 (1 μg/ml) in the presence or absence of antibody against LR11 or integrin αvβ3 (MAB1976), immunoprecipitated with anti-FAK antibody, and subjected to immunoblot analysis using anti-FAK (~130 kDa) or anti-phospho-FAK (~130 kDa) antibody. (B) sLR11-induced phosphorylation of ERK1/2. Cell lysates (10 μg protein) of rabbit SMCs were incubated with sLR11 (1 μg/ml) for the indicated times in the presence or absence of anti-integrin αvβ3 antibody (MAB1976) and subjected to immunoblot analysis using antibody against (phospho) p42/44 MAP kinase. Upper and lower signals represent ERK1 (~44 kDa) and ERK2 (~42 kDa), respectively (13) . Blot shown is representative of 3 independent experiments. Data of p-ERK1/2 are presented as mean ± SD (n = 3). *P < 0.05. (C) Rac1 activation in Lr11 -/-SMCs. Cell lysates (60 μg protein) of Lr11 +/+ or Lr11 -/-SMCs were incubated with sLR11 (1 μg/ml) in the presence or absence of antibody against integrin αvβ3 (RMV-7), immunoprecipitated with PAK-1 PBD Protein GST beads, and subjected to immunoblot analysis with anti-Rac1 (~21 kDa) or anti-GTP-Rac1 (~21 kDa) antibody. (D) sLR11-induced Rac1 activation. Cell lysates (60 μg protein) of rabbit SMCs were incubated with sLR11 (1 μg/ml) for the indicated times in the presence or absence of anti-integrin αvβ3 antibody (MAB1976) and subjected to immunoblot analysis with anti-Rac1 (Rac1 ~21 kDa and GST-Rac1 ~21 kDa) antibody with (top) or without (bottom) prior immunoprecipitation with PAK-1 PBD Protein GST beads.
various diseases accompanied with vascular damage needs to be evaluated in future studies.
It is of interest that in the central nervous system, LR11 directs trafficking of amyloid precursor protein into recycling pathways (39) and LR11 expression is reduced in sporadic Alzheimer disease (40) . We have recently shown that inherited LR11/SORL1 variants are associated with late-onset Alzheimer disease (39) . Furthermore, soluble circulating LRP1 has been shown to provide key endogenous peripheral "sink" activity for amyloid β-peptide in humans (41) . The functions of LR11 in amyloid precursor protein and uPAR catabolism in association with LRP1 suggest multiple roles for LR11 in the degradation and/or transport of several cell-surface and cytoplasmic molecules. In any case, the vascular phenotype of LR11 deficiency, i.e., severely disturbed Ang II-mediated migration of SMCs through decreased uPAR catabolism, provides a system for studies on the regulation of vascular remodeling toward the development of novel therapeutic interventions.
Methods
Subjects. The study subjects are participants in a cohort study carried out concurrently with health-check screening at Awa area in Chiba, Japan (42) . From among the 22,228 participants screened initially, we selected individuals with dyslipidemia (LDL cholesterol [LDL-C] > 160 mg/dl, triglycerides > 200 mg/dl, or HDL-cholesterol [HDL-C] < 35 mg/dl). None of the selected participants had medical complications or was undergoing treatment for abnormal plasma lipids, glucose, or blood pressure levels. The selected participants visited a hospital for detailed examination of their clinical profiles, collection of fasting blood samples, and measurement of carotid IMT. None had diabetes mellitus or thyroid and endocrinological diseases. All gave written informed consent prior to the study, which was approved by the Human Investigation Review Committee of the Chiba University Graduate School of Medicine. Examination of IMT was carried out with an ultrasound scanner (SSD-1200CV; ALOKA) equipped with a linear 7.5-MHz transducer (32, 43) . IMT was defined as the distance from the leading edge of the lumenintima interface to the leading edge of the media-adventitia interface of the far wall. The measurement of IMT in the common carotid artery was made along a 10-mm section just proximal to the carotid bulb (32, 43) , and the average IMT was calculated from the right and left IMTs of common carotid arteries. Venous blood was drawn after an overnight fast of 12-14 hours. Serum was separated from blood cells by centrifugation and used for the measurement of lipids and other biochemical markers (2) . LDL-C was estimated with the equation of Friedewald (32) . LDL particle size and malondialdehyde-LDL levels were determined using gradient gel electrophoresis and sandwich ELISA, respectively (32) . sLR11 was immunologically measured as described in Immunoblotting and immunoprecipitation.
Generation of Lr11 -/-mice. A plasmid-targeting vector was constructed with 3.3 kb (5′) and 4.4 kb (3′) of genomic DNA flanking the neomycin resistance cassette (Neo r ) to target the first exon of murine LR11. After linearization, the plasmid was introduced into 129/Sv-derived embryonic stem cells by electroporation. Homologous recombinants were identified, and 2 independently targeted clones were injected into C57BL/6 blastocysts to generate chimeric mice. Male chimeras were crossbred with C57BL/6 females, and germline transmission was verified by Southern blot analysis. For Southern blot analysis, genomic DNA was prepared from the tail and digested with EcoRV. The fragments were separated by electrophoresis, transferred to a membrane, and hybridized with specific fragments corresponding to flanking regions of homologous recombination as probes for the identification of Lr11 +/+ , Lr11 +/-, and Lr11 -/-mice, as described previously (44) . All animal studies were Vascular injury by cuff placement. Cuff-placement surgery was carried out on 20-week-old male mice, as described (11) . After isolating the right femoral artery from the surrounding tissues, a polyethylene tube (2-mm PE-90; BD) was opened longitudinally, loosely placed around the artery, and then closed with sutures. These arteries were removed from mice after 4 weeks; this was followed by serial perfusion with PBS(-) and with 10% neutral buffered formalin at 100 mmHg. The tissue was fixed in 10% neutral buffered formalin overnight, dehydrated, and embedded in paraffin. The middle segment of the artery was cut into subserial 5-μm cross sections with an interval of 50 μm between them. The sections were stained with elastica van Gieson or used for subsequent histochemical analyses. The image analysis software WinROOF (Mitani Corp.) was used to measure the areas of the intima and the media, respectively.
Laser capture microdissection. Frozen samples of cuffed artery were immediately embedded in OCT medium (Tissue-Tek; QIAGEN) and allowed to equilibrate to the cryostat temperature of -20°C. Each sample was sectioned into 10-μm specimens, placed on slides (Arturus; Molecular Devices), and directly fixed in fresh 95% ethanol. After complete dehydration, the slides were placed in solutions of 75% ethanol for 30 seconds, 95% ethanol for 30 seconds, 100% ethanol for 30 seconds, and xylene for 5 minutes, then allowed to dry. SMCs in intimal and medial layers were captured for subsequent RNA experiments using a PixCell II Laser Capture Microdissection System (Molecular Devices).
Ang II infusion. The surgical procedures for connection to ALZET osmotic minipumps were performed together with those for cuff placement in Lr11 +/+ and Lr11 -/-mice. The pumps delivered either saline or Ang II at a rate of 1 μg/kg per minute. The arteries were removed from mice after 4 weeks.
Antibodies, recombinant proteins, and ARBs. Mouse monoclonal (5-4-30-19-2 ) and rabbit polyclonal (pm11) antibodies against LR11 were described previously (11) . Polyclonal antibodies against uPAR (AF807), NMHCII-B (PRB-445P), integrin αV (RMV-7), GST (A-30), and (phospho-) p44/42 MAP kinase and (phospho-) Stat1 were from R&D Systems, Covance, BioLegend, BostonBiochem, and Cell Signaling Technology, respectively. Monoclonal antibodies against LRP1, SMA (1A4), FAK (MAb2A7), p-Y397 of FAK, and integrin αvβ3 (MAB1976) were from Research Diagnostics Inc., Dako, Upstate Biotechnology (Millipore), BioSource (Invitrogen), and Chemicon (Millipore), respectively. Recombinant PDGF-BB, angiotensin II, VEGF, and plasmin were from R&D Systems, Sigma-Aldrich, Wako, and American Diagnostica, respectively. apoE and 39-kDa RAP were from Cosmo Bio Co. Ltd. Recombinant sLR11 protein lacking the 104 C-terminal amino acids containing the transmembrane region (sLR11) was prepared as described (20) . Purified sLR11 was used for experiments at a concentration of 1 μg/ml, estimated from its biological activity in stimulating the migration of rabbit SMCs. The ARBs valsartan (CGP48933) and candesartan (CV-11974) were obtained from Novartis and Takeda Pharmaceutical Co. Ltd., respectively.
Cells. Primary cultures of mouse SMCs were prepared as described (45) . In brief, the whole aortae prepared from 10-week-old mice were cut into pieces of approximately 1 mm 2 after removal of adventitial connective tissue and luminal endothelial cells. The pieces were digested with 1 mg/ml collagenase (Nitta Gelatin Inc.) and 20 U/ml elastase (Elastin Products Co. Inc.) in DMEM (Sigma-Aldrich) for 30 minutes at 37°C, and centrifuged at 2,000 g for 10 minutes at 4°C. The precipitate was resuspended in DMEM supplemented with 10% FBS (GIBCO; Invitrogen) and 40 μg/ml gentamycin (Schering-Plough). After 2 to 10 passages, cells from the primary culture were used for experiments. Primary cultures of rabbit SMCs were prepared from the medial layers of aortae as described (13) and used at passages 3 and 4. The LR11-overexpressing A7r5 cells (a rat embryonic aortic SMC line), R-1, and the control line C-1 were established as described (13) . Before migration, biochemical, and immunological assays, cells were preincubated with various agents under the conditions indicated in the figure legends at 37°C, and then aliquots of the cell suspension were used for the experiments.
RT-PCR. Total RNA was purified from the microdissected or cultured cells using an RNeasy kit (QIAGEN) as described (11) . The methods for RT-PCR have been described (46) . The amplified products were visualized after gel electrophoresis. For quantification of transcript levels, realtime PCR was performed using SYBR Green PCR master mix (Applied Biosystems). The sequences of the PCR primers were according to known cDNA sequences: LR11, 5′-AATGGTGTTTGGTTGAAACACACATCT-TAG-3′ and 5′-TACGTGGTTTCAACTACCAGAAATGCGCTT-3′; LRP1, 5′-CGGAACTGTACCATTTCA-3′ and 5′-GGTGTTGACAACCCATTCG-3′; NMMHCII-B, 5′-TGGAGGATCCCGAGAGGTATCT-3′ and 5′-GGAATCCACACCAGCTTTTTAGC-3′; SM1, 5′-CTCAAGAGCAAACT-CAGGAG-3′ and 5′-TCTGTGACTTGAGAACGAAT-3′; β-actin, 5′-AGAGGGAAATCGTGCGTGAC-3′ and 5′-CAATAGTGATGACCTG-GCCGT-3′. mRNA amounts were normalized to levels of β-actin mRNA, which served as the internal standard.
Migration, invasion, attachment, and proliferation assays. Cell migration and invasion were measured essentially as previously described (13), using a 96-well micro-Boyden chamber, its surface coated with type I collagen, and Transwell (Corning) 24-well plates coated with 100 μl collagen gel, respectively. The lower chamber contained 1% FBS-DMEM with or without 10 ng/ml PDGF-BB. After a 4-hour incubation at 37°C, the cells on the upper surfaces were washed, fixed, and stained by Diff-Quik (International Reagents Corp.). The number of cells that migrated to the lower (outer) surface of the filters (high-power field) was determined microscopically by counting. Cell adhesion was determined in a 96-well plate, the surface of which was coated with type I collagen, as described (20) . After a 2-hour incubation at 37°C, nonadherent cells were removed by gently washing with PBS and adherent cells were determined by counting. Cell proliferation was measured based on the incorporation of BrdU during DNA synthesis of proliferating cells using a cell proliferation ELISA system (Amersham). In brief, after 48-hour incubation at 37°C without FBS, SMCs (8,000 cells/well) were labeled with BrdU (10 μmol/l) in the presence or absence of Ang II for 8 hours. DNA synthesis was assessed by measuring the amount of BrdU incorporation into the DNA, which was detected by the above immunoassay system.
Immunoblotting and immunoprecipitation. Cultured cells were washed 3 times with PBS and harvested in PBS containing 0.5 mM PMSF and 2.5 μM leupeptin. The pellet after ultracentrifugation at 100,000 g for 1 hour was resuspended in solubilization buffer (200 mM Tris-maleate, pH 6.5, 2 mM CaCl2, 0.5 mM PMSF, 2.5 μM leupeptin, and 1% Triton X-100) as previously described (11) . Conditioned medium was concentrated 20-fold using Centricon-100 concentrators (Millipore) (5). 50 ml of serum was purified using a RAP-GST affinity column. For immunoblotting, equal amounts of membrane protein, protein extracted from pelleted beads, or concentrated medium were subjected to 10% SDS-PAGE after heating to 95°C for 5 minutes as described (47) under reducing conditions and transferred to a nitrocellulose membrane. Incubations were with antibody against LR11 (5-4-30-19-2, 1:500 dilution; or pm11, 1:200 dilution), LRP1 (1:500 dilution) (phospho-) p44/42 MAP kinase (1:1000 dilution) (phospho-) Stat1 (1:500 dilution), Rac1 (1:1000 dilution), integrin αvβ3 (MAB1976, 1:1000 dilution), or uPAR (1:500 dilution) followed by peroxidase-conjugated anti-mouse, anti-rabbit, or anti-goat IgG. For immunoprecipitation, 100 μg of membrane protein was mixed with sLR11 (1 μg/μl) at 4°C for 3 hours in the presence or absence of apoE (50 μg) or RAP (10 μg), as indicated in Figure 6B . The LR11/uPAR/integrin/antibody complex was precipitated by protein A-Sepharose. The proteins were released into 25 μl SDS sample buffer by heating to 95°C for 5 minutes. For immunodetection, pm11 (1:200 dilution) was used, followed by peroxidase-conjugated anti-rabbit IgG. Development was performed with the ECL detection reagents (Amersham). The signals were quantified by densitometric scanning using NIH Image software. The sLR11 level of each subject's serum (50 μl) was determined in a blinded manner as an averaged value of 3 quantified signal intensities resulting from independent assays and expressed as a ratio to that of a standard serum. The immunological estimation indicated that the signal of 1 U (in 50 μl serum) corresponded to approximately 50 ng/ml of recombinant sLR11. For analysis of phosphorylated ERK, Rac1 pull-down, and FAK phosphorylation, cells were starved for 24 hours in 0.3% FBS-DMEM followed by the addition of sLR11 (1 μg/ml) for the indicated times in the presence or absence of anti-integrin antibody (MAB1976 or RMV-7, 1:200 dilution) as described (13) . For Rac1 pull-down and FAK phosphorylation assays, cells were lysed directly in the plates with ice-cold magnesium-containing lysis buffer and RIPA buffer, respectively. GTP-Rac1 activity was measured with a PAK-1 PBD/ Rac activation assay kit (Upstate Biotechnology). In brief, lysates were incubated at 4°C with 10 μg of PAK-1 PBD Protein GST beads for 60 minutes. The proteins were released into 25 μl SDS sample buffer by heating to 95°C for 5 minutes. For FAK phosphorylation measurement after immunoprecipitation with antibody against FAK (MAb2A7), lysates were subjected to electrophoresis in 7.5% SDS gels and transferred to nitrocellulose membranes. The membranes were probed with an antibody specific for FAK-pY397 (1:1000) and then reprobed with an anti-FAK antibody (MAb2A7, 1:500).
Figure 11
Effect of the ARB candesartan on intimal thickness after arterial injury in sLR11-overproducing mice. BL6 nude mice were implanted subcutaneously with A7r5 cells transfected with LR11 cDNA (R-1) or control cells (C-1). Sections of femoral arteries of cell-implanted mice after cuff placement with or without administration of candesartan or anti-uPAR neutralizing antibody were subjected to histological analysis using elastica van Gieson (EVG) staining (A-E). Serial sections were immunohistochemically analyzed using antibody against SMA (F-J), LR11 (K-O), or NMHCII-B (P-T). Arrowheads indicate the internal elastic layers. Scale bars: 50 μm (A-J); 10 μm (K-T). (U) I/M ratio of arteries is presented as mean ± SD (n = 5). *P < 0.05. (V) mRNA levels of LR11 and NMHCII-B in injured arteries. Total RNA isolated from thickened intima or media of mice using LCM was reverse transcribed and subjected to real-time PCR analysis using specific primers for NMHCII-B and LR11, respectively. The amounts of amplified products are expressed relative to the amounts of β-actin transcript, and the ratio of mRNA expression levels of intima and media are presented as mean ± SD (n = 3).
Transfection of SMCs with siRNA. Oligonucleotides were synthesized for siRNA (Takara Bio Inc.). Annealed sense and antisense oligonucleotides (25 nM each), 5′-UGGCUUCCAAUGUUACAGCTT-3′ and 5′-GCUGUAA-CAUUGGAAGCCATT-3′ corresponding to the uPAR sequence, or 5′-GAUGC-CAUCUGUAGUCACUTT-3′ and 5′-AGUGACUACAGAUGGCAUCTT-3′ for control were transfected into SMCs (1 × 10 6 cells/100 mm dish) and incubated for 2 days as described (14) . Cells were then used for experiments.
Immunohistochemistry. Serial paraffin-embedded sections (5 μm) were used for immunohistostaining as described (11) . Deparaffinized sections were pretreated with 0.3% H2O2 to inactivate endogenous peroxidase. Slides were stained in the presence of 3% BSA with antibody against LR11 (pm11, 1:50 dilution), NMHCII-B (1:100 dilution), or SMA (1:1 dilution) at 23°C for 1 hour followed by HRP-conjugated anti-rabbit IgG secondary antibodies (Molecular Probes) at 1:200 dilution. The slides were counterstained with hematoxylin. Controls with nonimmune rabbit IgG were conducted in parallel with each immunoassay procedure.
Immunofluorescence. Cells were grown to 70% confluence on LabTek chamber slides (Nunc). For assays of membrane ruffling, cells were preincubated with PDGF-BB (10 ng/ml), Ang II (1 μM), sLR11 (1 μg/ml), anti-LR11 antibody (pm11, 1:5 dilution), anti-uPAR antibody (10 μg/ml), anti-integrin αvβ3 antibody (10 μg/ml), or PD98059 (10 μM; Calbiochem) for the indicated times. Cells were fixed in 4% paraformaldehyde in PBS at 4°C for 15 minutes, as described (11) . F-actin was labeled using Alexa Fluor 488 phalloidin (1:40 dilution, A12379; Invitrogen) for measurement of ruffle formation. Slides were examined with a Zeiss LSM5 PASCAL confocal laser scanning microscope. The 488-nm line of the argon laser was used for excitation of Alexa Fluor 488. The number of cells with membrane ruffling were counted with 500 cells in the field.
sLR11-overproducing mouse model. R-1 and C-1 cells were grown to near conf luence, trypsinized, and suspended in DMEM with 10% FBS. After centrifugation, cell pellets were resuspended in PBS. Eightweek-old ICR nude mice were injected subcutaneously with either 1 × 10 7 R-1 cells or C-1 cells. The injection through 21-gauge needles into subcutaneous areas of nude mice was performed under anesthesia, as described (23) . The surgical operations for cuff placement and connection to a supply osmotic minipump for candesartan (0.1 mg/kg/day) followed 4 weeks after cell implantations. Polyclonal antibodies against uPAR (1:500 dilution) or against GST (control, 1:200 dilution) in PBS were injected intraperitoneally, in each case 2-3 days after cuff treatment of mice injected with R-1 cells. Blood samples were collected for the immunodetection of sLR11. Six weeks after cell implantation, the femoral arteries were recovered for immunohistological analyses.
Statistics. Statistical analysis was performed with SPSS version 13.0 (SPSS Japan Inc.). Associations of IMT or sLR11 levels with risk factors were examined by Pearson correlation analysis for continuous variables and by unpaired t test for categorical variables between groups (sex and smoking) (see Supplemental Table 2 ). Subsequently, multiple linear regression analyses were used to calculate the ORs for the IMT for Table 1 (a) by controlling for age, blood pressure, and HDL-C, which are significantly correlated with IMT, with P < 0.001 by above analyses (model 1); and (b) by additionally controlling for all risk factors (age, sex, BMI, blood pressure, smoking, LDL-C, HDL-C, triglycerides, LDL size, malondialdehyde-LDL, glucose, and insulin) used for the above analyses (model 2). Finally, the ORs were calculated for the IMT with raised baseline sLR11 (second, third, and fourth quartiles) compared with low baseline sLR11 (lowest quartile) by controlling for age. In the figures, the results are shown as mean ± SD for each index. 1-way ANOVA was used to compare between 2 groups, and Duncan's multiple-range test was used for comparison of multiple groups. A value of P < 0.05 was considered significant.
Figure 12
Proposed molecular mechanism for LR11 requirement in the response of SMCs to Ang II. Ang II and PDGF-BB are the key cytokines promoting migration of SMCs in plaque formation. LRP1 inhibits the PDGF-BBmediated signals for migration and proliferation and/or the modulation of upstream Tsp-1/TGF-β-mediated signals (38) through interaction with the PDGF-β receptor. Ang II induces the Tsp-1/TGF-β signals (37) and LR11 gene transcription through activating AT1R. LR11 localized on the cell surface becomes the soluble form (as sLR11) by cleavage through TNF-α-converting enzyme (TCE) (22) . Circulating sLR11 levels are positively correlated with carotid IMT. sLR11 binds to and interacts with uPAR, the expression of which is mainly regulated by LRP1, on the cell surface and/or on neighboring cells. This complex formation inhibits the internalization of uPAR via LRP1, resulting in enhanced uPAR cell-surface expression. The uPA/uPAR system increases cell mobility through both increased ECM degradation and intracellular integrin/FAK/ERK/Rac-1 signaling, which in turn promotes actin ruffling and myosin isoform switching. The SMCs expressing LR11 display increased migratory capacity in response to PDGF-BB and/or Ang II. Thus, LR11 in combination with its counteracting partner LRP1 regulates the migration of intimal SMCs in injured arteries and atherosclerotic plaques via modulation of the uPA/uPAR system. The proposed LR11-mediated migration of intimal SMCs may be modulated by other Ang II-induced molecules and cytokines, particularly endothelial cell-derived PAI-1 (48) . ARBs inhibit (a) the migration of intimal SMCs through downregulation of LR11 and (b) their proliferation by blockade of signals mediated by Tsp-1/TGF-β and PDGF-BB.
